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Fracture  in  M0S2  solid  lubricant  films 


Michael  R.  Hilton 

Mechanics  and  Materials  Technology  Center,  The  Aerospace  Corporation,  El  Segundo,  CA  90245,  USA 


Abstract 

The  fracture  properties  of  sputter-deposited  films  of  M0S2  as  a  function  of  the  additive-controlled  microstructure  were  assessed  using 
brale  indentation  contact  and  scanning  electron  microscopy  (SEM).  Additives  were  incorporated  as  either  co-sputtered  species  (Ni, 
SbO^)  or  as  multilayers  (Au-20%Pd,  Ni).  Undoped  films  were  also  examined  as  references.  The  undoped  films  and  3%  co-sputtered 
Ni  films  (deposited  at  2.66  Pa  argon  background  pressure)  showed  zone  2  columnar  plate  morphologies  with  porosity.  Co-sputtered 
films  having  higher  concentrations  of  Ni  or  SbO^^  showed  zone  1  dense  cauliflower  morphologies,  while  the  multilayer  films  (and  pure 
M0S2  films  deposited  at  0.266  Pa)  exhibited  dense,  featureless  morphologies.  The  porous  zone  2  films  generally  resisted  delamination 
better  than  the  denser  morphologies.  High  Ni  concentrations  increased  spallation.  The  presence  of  SbO;^  affected  fracture  propagation 
and  appeared  to  be  more  benign  than  Ni.  The  presence  of  multilayers  also  affected  fracture  and  retarded  spallation  in  dense 
microstructures.  However,  many  multilayer  structures  showed  significant  delamination. 


1.  Introduction 

Since  the  earliest  reports  of  sputter-deposited  M0S2, 
it  has  been  known  that  fracture  and  detachment  of  film 
particles  can  occur  [1].  The  earlier  generation  of  films 
generally  showed  a  columnar  plate  (zone  2)  morphology 
with  significant  porosity  [2].  There  are  several  disadvan¬ 
tages  to  this  morphology.  The  majority  of  the  film  is  in 
the  wrong  orientation  for  lubrication,  i.e.  the  basal 
planes  are  perpendicular  to  the  substrate.  In  practice, 
the  plates  detach  and  reorient  into  lubricating  particles. 
The  inherent  porosity  of  this  structure  promotes  detach¬ 
ment  near  the  bottom  of  the  film,  i.e.  most  of  the  film 
becomes  loose  particles  almost  immediately.  Although 
it  is  now  accepted  that  M0S2  films  lubricate  by  intercrys- 
talhne  slip  with  ultimate  wear  of  detached  particles  out 
of  the  contact  zone  [3],  the  generation  of  significant 
film  debris  early  in  contact  has  been  considered  un¬ 
desirable,  because  long  endurance  lubrication  becomes 
strongly  dependent  on  the  retention  or  recirculation  of 
the  film  particles  in  the  contact  zone  rather  than  on  the 
gradual  wearing  away  of  the  film  [4,5]. 

Recently,  films  with  new  types  of  microstructure  have 
become  available  which  are  being  investigated  for  higher 
cycle  precision  applications,  such  as  sensor  gimbal  bear¬ 
ings  and  scan  mirrors  [6,7].  These  newer  films  have 
dense  morphologies,  often  with  basal  plane  orientation 
parallel  to  the  substrate.  Such  microstructures  can  be 
prepared  by  adjusting  the  deposition  conditions  (pres¬ 
sure,  deposition  rate,  use  of  ion  beams)  or  by  incorporat¬ 
ing  co-sputtered  or  multilayer  dopants  [8-13]. 

Ideally,  these  dense  films  lubricate  by  the  gradual 


generation  (wear)  of  fine  M0S2  particles  as  postulated 
in  the  model  of  intercrystalline  slip.  However,  in  many 
cases,  discrete  film  spallation  has  been  observed.  Fig.  1 
shows  electron  micrographs  of  thrust  bearing  raceways 
lubricated  with  M0S2  films  having  zone  2  and  dense 
M0S2  morphologies.  The  raceways  were  disassembled 
after  50000  revolutions  (50  krevs).  In  both  cases,  signifi¬ 
cant  film  spallation  was  observed.  Large  film  particles 
had  transferred  onto  the  originally  unlubricated  balls 
and  retainers.  The  bearings  were  reassembled  and  the 
films  functioned  with  acceptable  torque  for  600-2000 
krevs  before  failure  (which  was  defined  as  a  tenfold  rise 
in  torque  above  operational  values).  While  such  particle 
lubrication  may  be  adequate  for  torque  noise  tolerant 
applications,  as  in  these  thrust  bearing  tests,  this 
process  was  found  to  increase  torque  noise  (jitter)  to 
unacceptable  levels  in  tests  of  angular  contact  bearings 

[15]. 

Understanding  the  nature  of  fracture  and  crack  propa¬ 
gation  as  a  function  of  M0S2  film  microstructure  is  one 
of  the  elements  required  to  determine  optimum  lubricat¬ 
ing  particle  size.  (Other  aspects  in  rolling  contact  include, 
at  a  minimum,  the  effect  of  ball  surface  composition  and 
retainer  composition  on  M0S2  film  transfer  rates  from 
the  raceways.)  The  brale  indentation  test  can  be  used  to 
assess  toughness  in  M0S2  films,  within  the  film  or  along 
the  interface.  To  date,  the  test  has  been  successful  in 
correlating  interfacial  adhesion  with  substrate  surface 
treatments,  including  acid  and  base  etching,  ion  bom¬ 
bardment  and  nitrogen  implantation  on  steel  or  titanium 
alloys  [16-19]. 

Limited  data  on  the  effect  of  M0S2  microstructure  on 
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Zone  2  Morphology  Pure  M0S2  Multilayer  Morphology  0.9  nm  Au-20%Pd/1 0  nm 


Fig.  1.  Scanning  electron  micrographs  of  two  440C  steel  thrust  bearing  raceways  (INA  Wl-1/2)  disassembled  after  50  krevs.  The  bearing  raceways 
were  lubricated  with  M0S2  films:  a  zone  2  film  (left)  and  a  0.9  nm  Au-20%Pd/10  nm  multilayer  film  (right).  The  balls  and  steel  cages  were  not 
lubricated.  The  bearings  had  been  running  with  adequately  low,  stable  torque.  However,  significant  film  spallation  occurred  on  both  raceways. 
The  bearings  were  reassembled  and  they  operated  with  low  torque  for  2000  krevs  and  600  krevs  respectively.  Original  magnification:  18  x  (top), 
1000  X  (bottom).  Test  conditions:  2500  rev  min"^;  0.5  GPa  mean  hertzian  stress;  1  atm  dry  nitrogen.  For  further  details,  see  Ref.  [14]. 


indentation  fracture  response  have  been  reported  [5,13]. 
The  only  quantitative  data  reported  compared  zone  2 
films  with  dense  films  resulting  from  co-sputtered  water 
vapor  [5].  In  this  paper,  we  present  quantitative  data 
on  dense  films  as  a  function  of  metal  dopants,  either 
co-sputtered  or  as  multilayers.  The  potential  significance 
of  these  findings  to  rolling  element  bearings  will  be 
discussed. 


2.  Experimental  procedures 

All  films  were  deposited  onto  440C  bearing  steel  (Rq— 
56-58)  polished  down  to  0.3  pm  alumina.  M0S2  films 
having  co-sputtered  dopants  (group  I)  were  prepared  at 
2.6  Pa  argon  background  pressure  by  d.c.  diode  sputter¬ 
ing  using  procedures  reported  elsewhere  [9,10].  The 
dopants  were  incorporated  into  pressed  powder 
targets.  Four  target  compositions  were  used:  M0S2, 
3%Ni-MoS2,  9%Ni-MoS2,  35%SbO,-MoS2.  M0S2 
films  having  metal  multilayers  were  also  prepared  by  r.f. 
magnetron  sputtering  at  0.266  Pa  as  reported  in 
Ref.  [11].  Ni  or  Au-20%Pd  metal  layers  were  deposited 
from  separate  targets  between  the  M0S2  layers.  Two 
groups  (II  and  III)  of  films  were  prepared  in  different 
time  periods.  The  group  II  films  had  the  following 


compositions:  M0S2  (II),  0.25  nm  Ni/5  nm,  0.5  nm 
Ni/5  nm,  0.75  nm  Ni/5  nm,  1  nm  Ni/5  nm,  0.7  nm 
Ni/10  nm  and  0.9  nm  Au-Pd/10  nm.  (The  metal  thick¬ 
nesses  were  extrapolated  from  the  deposition  rates  of 
thicker  calibration  films;  the  multilayer  periodicities  were 
measured  by  X-ray  diffraction  by  the  vendor.)  All  of  the 
metal-containing  films  had  an  initial  metal  interlayer 
deposited  onto  the  substrate.  Group  III  films  had 
the  following  compositions:  M0S2  (HI),  1.5  nm 

Au-20%Pd/10  nm  and  4.5  nm  Au-20%Pd/10  nm.  The 
group  III  samples  were  originally  witness  plates  during 
deposition  runs  to  prepare  films  for  rolling  contact  (i.e. 
ball  between  flats)  and  rolling  element  bearing  studies 
as  reported  by  Hopple  et  al.  [15]. 

Indentations  were  made  using  a  standard  Rockwell 
hardness  tester  with  a  C-scale  diamond  stylus  (having 
0.2  mm  radius  of  curvature).  Three  loads  were  used:  70, 
110  and  160  kgf  (these  values  include  the  minimum 
lOkgf  applied  load  of  the  machine,  i.e.  60kgf-l- lOkgf, 
etc.).  Scanning  electron  microscopy  (SEM)  was  used  to 
characterize  the  film  morphology,  thickness  and  delami¬ 
nation  and  fracture  induced  by  indentation.  The  back- 
scattered  electron  (BSE)  mode  was  primarily  used  to 
examine  indentations.  Ten  measurements  of  the  extent 
of  delamination  and/or  fracture  were  determined  for 
each  indentation  and  the  reported  values  are  the  mean 
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averages  of  the  measurements.  Three  or  more  indent¬ 
ations  per  load  were  made  on  the  co-sputtered  films. 
Generally  only  one  indentation  per  load  could  be  made 
on  the  group  II  multilayer  films,  because  some  of  the 


sample  area  had  been  used  for  sliding  wear  tests.  The 
group  III  films  were  received  with  three  or  more  indent¬ 
ations  at  each  load  already  on  them.  A  new  indentation 
at  each  load  was  made  for  comparison. 


indentations  of  the  co-sputtered  films.  (B)  At  higher  magnification,  radial  fracture  is  noticeable 
films  having  higher  concentrations  of  Ni  or  SbO,.  The  SbO,<-containing  film  has  significant  branched  radial  fracture  with  little  delamination. 
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3.  Results 

3.1 .  Morphology  and  thickness 

The  pure  and  3%  Ni  films  have  columnar  plate  zone 
2  morphologies  with  porosity  between  the  plates.  The 
9%  Ni  films  have  a  dense  zone  1  morphology.  The 
SbOj,-MoS2  films  have  a  very  (featureless)  dense  mor¬ 
phology  near  the  interface  with  a  zone  1  cauliflower 
morphology  above.  The  films  have  thicknesses  of  6.3  pm, 
6.8  pm,  3.2  pm  and  3.9  pm  respectively.  The  multilayer 
films  have  dense,  almost  featureless,  morphologies  with 
(002)  basal  orientation  or  no  detected  M0S2  orientation 
as  reported  previously  [13].  Film  thicknesses  are  1± 
0.1  pm.  The  pure  M0S2  films  in  groups  11  and  III  prepared 
at  0.266  Pa  have  dense  morphologies  with  mixed  (002) 
basal  and  (100)  and  (110)  edge  facet  orientations. 

5.2.  Indentation:  co-sputter ed  films 

Fig.  2  shows  micrographs  of  the  160  kgf  indentations 
of  the  co-sputtered  films.  The  pure  M0S2  film  shows 


simple  delamination.  The  3%  Ni  film  has  comparable 
complete  delamination  with  some  radial  cracking 
extending  beyond  the  delamination  region.  The  9%  Ni 
film  has  more  radial  cracking,  and  the  remnant  film 
adjacent  to  the  radial  cracks  appears  delaminated  (SEM 
at  high  tilt  angle  confirms  this  observation,  but  the  exact 
extent  of  film-substrate  fracture  under  the  curled,  rem¬ 
nant  pieces  is  difficult  to  confirm).  The  35%SbO;c“MoS2 
film  has  the  least  delamination,  although  Fig.  2  shows 
that  significant  branched,  radial  cracking  is  present.  In 
Fig.  3,  the  extent  of  damage,  i.e.  fracture  plus  radial 
cracking,  with  and  without  the  indentation  radius  is 
plotted  as  a  function  of  load.  The  plotted  extent  of 
damage  includes  radial  cracking,  i.e.  curled,  delaminated 
film  that  has  not  fully  detached.  If  pure  delamination  is 
plotted,  the  9%  Ni  films  are  (erroneously)  construed  as 
showing  less  damage.  Since  the  radial  cracks  in  the  SbO^ 
film  are  difficult  to  see  in  the  lower  magnification 
micrographs  of  Fig.  2,  values  based  on  the  higher  magni¬ 
fication  micrographs  are  also  plotted. 


■  MoS2  +  3%  Ni  ^  9%  Ni 

a  SbOx  (Low  Mag)  x  SbOx  (High  Mag) 


Fig.  3.  Plots  of  the  damage  (delamination  plus  radial  fracture)  radii  as  a  function  of  indentation  load  of  the  co-sputtered  films  shown  in  Fig.  2. 
Top:  includes  indentation  radii.  Bottom:  indentation  radii  subtracted. 
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3J.  Indentation:  multilayer  films 

Micrographs  of  the  indentations  of  some  of  the  group 
II  films  are  shown  in  Fig.  4  and  delamination  and 
fracture  data  are  plotted  in  Fig.  5.  The  pure  (micro  not 
shown)  and  0.25  nm  Ni/5  nm  films  show  extensive 
delamination  without  radial  cracking.  Indeed,  the 
0.25  nm  Ni/5nm  film  shows  more  delamination  than 
the  pure  film.  There  is  an  abrupt  transition  in  fracture 
mode  appearance  between  the  0.25  nm  Ni/5  nm  and 
0.5  nm  Ni/5  nm  films.  The  latter  film  shows  less  delami¬ 
nation,  but  exhibits  a  network  of  finely  spaced  radial 
cracks,  with  significant  branching.  The  0.75  nm  Ni/5  nm 
and  1  nm  Ni/5  nm  films  (micros  not  shown)  have  a 
similar  appearance  to  the  0.5  nm  Ni/5  nm  film.  The 
0.7  nm  Ni/10  nm  film  shows  significantly  more  delamina¬ 
tion  and  fracture  than  5  nm  periodicity  films  with 
0.5-1  nm  Ni.  The  0.9  nm  Au-20%Pd/10  nm  film  shows 
less  delamination  than  the  0.7  nm  Ni/10  nm  film. 

Micrographs  of  the  group  III  films  are  shown  in 
Fig.  6.  Although  the  extent  of  fracture  is  similar  between 
the  new  and  old  sets,  the  newer  indentations  tend  to 
show  remnant  delaminated  film  that  gives  some  insight 
into  crack  propagation.  Remnants  on  the  older  indent¬ 
ations  may  have  been  blown  off  or  otherwise  lost  during 
handling/travel.  As  in  the  co-sputtered  films,  the  inclu¬ 
sion  of  radial  cracking  in  the  estimation  of  the  extent  of 
damage  appears  to  be  a  reasonable  assessment  approach. 


The  pure  film  shows  more  delamination  than  the  multi¬ 
layer  films,  and  the  older  indentations  of  the  pure  film 
exhibit  an  extended  bilayer  fracture.  The  extent  of  frac¬ 
ture  and  delamination  for  the  1.5  nm  Au-20%  Pd/10  nm 
film  is  similar  to  the  4.5  nm  Au-Pd/10  nm  film.  The 
4.5  nm  Au-20%  Pd/10  nm  film  shows  evidence  of  crack 
branching  in  the  newer  indentation.  The  extent  of  delam¬ 
ination  and/or  fracture  as  a  function  of  load  is  plotted 
in  Fig.  7. 


4.  Discussion 

The  indentation  data  show  that  the  zone  2  films  are 
more  resistant  to  indentation-induced  fracture  propaga¬ 
tion  on  a  scale  pertinent  to  spallation  than  the  pure 
dense  films.  The  zone  2  films  are  probably  more  resistant 
to  fracture  because  they  contain  significant  porosity. 
This  porosity  could  reduce  or  relieve  the  build-up  of 
stresses  and/or  blunt  propagating  crack  tips.  Pure,  uni¬ 
form,  dense  microstructures  are  susceptible  to  spallation. 
Some  type  of  compensation  is  required  to  inhibit  fracture 
propagation. 

The  data  on  the  co-sputtered  films  are  complicated 
by  the  fact  that  the  9%  Ni  and  SbO;^  films  are  thinner 
than  the  pure  and  3%  Ni  films.  However,  delamination 
increases  with  thickness  at  constant  applied  stress  for  a 


Fig.  4.  Scanning  electron  micrographs  of  the  brale  indentations  of  some  of  the  group  11  multilayer  films.  There  is  a  dramatic  suppression  of 
delamination  fracture  in  the  0.5  nm  Ni/5  nm  film  relative  to  the  0.25  nm  Ni/5  nm  film.  A  fine  network  of  branched,  radial  cracks  is  also  present 
in  the  0.5  nm  Ni/5  nm  film.  More  delamination  is  present  in  the  10  nm  periodicity  films. 
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■  MoS2  (II) 

-t-  0.25nm  Ni/5nm 

^  O.Snm  Ni/5nm 

a  0.75nm  Ni/5nm 

X  1  nm  Ni/5nm 

A  o.7nm  Ni/10nm 

Fig.  5.  Plots  of  the  damage  (delamination  plus  radial  fracture)  radii  of  the  group  II  Ni  multilayer  films  (see  Fig.  4).  Top:  includes  indentation 
radii.  Bottom:  indentation  radii  subtracted. 


given  microstructure  [5].  The  9%  Ni  films  are  thinner 
than,  but  more  delaminated  than,  the  pure  and  3%  Ni 
zone  2  films.  Thus  co-sputtered  nickel  in  the  9%  range 
yields  a  microstructure  that  decreases  film  fracture 
toughness.  The  SbO^  data  are  more  ambiguous. 
Delamination  decreases  relative  to  the  other  films,  but 
there  is  a  damage  region  of  fine  cracks  comparable  in 
area  to  the  delaminated  zone  of  the  other  films.  The 
SbOj,  films  show  a  composite  morphology,  which  com¬ 
plicates  the  results  further.  However,  at  these  high  con¬ 
centrations,  SbO^  appears  to  be  a  better  co-sputtering 
additive  than  Ni.  Considering  that,  with  M0S2,  SbO^^  is 
tribologically  effective,  it  seems  to  be  the  better  additive 
[20].  In  all  of  the  films  studied,  the  use  of  a  subsurface 
fracture  detection  technique,  such  as  scanning  electron 
acoustic  microscopy  [21]  or  X-ray  methods,  may  help 
in  the  better  quantification  of  the  extent  of  film  delamina¬ 
tion  of  fragments  that  have  not  fully  detached. 

At  a  thickness  of  1  pm,  the  5  nm  multilayer  films  show 
more  fracture  resistance  than  the  10  nm  films.  There  is 


a  dramatic  increase  in  fracture  resistance  when  the  metal 
thickness  is  increased  from  0.25  to  0.5  nm.  The  fine 
networks  of  cracks  suggest  that  the  multilayers  induce 
significant  radial  crack  branching.  Clearly,  the  nan¬ 
ostructure  is  changing  in  a  manner  that  affects  crack 
propagation.  Although  the  multilayer  periodicities  of 
these  films  were  accurately  determined  by  X-ray  diffrac¬ 
tion,  the  actual  film  nanostructures  are  not  known. 
These  metal  thicknesses  are  averages  based  on  deposition 
rates.  For  example,  it  is  very  doubtful  that  the  thin  metal 
layers  are  continuous  and  we  do  not  yet  know  what 
quantity  of  deposited  metal  is  required  for  a  continuous 
layer  to  form.  At  10  nm  periodicity,  the  limited  data 
suggest  that  Au-20%Pd  is  more  effective  than  Ni  in 
inhibiting  fracture.  This  is  fortunate  as  friction  data 
favor  Au-20%Pd  over  Ni  [13]. 

The  observation  that  1.5  nm  periodicity  Au-20%Pd 
films  have  essentially  comparable  fracture  to  4.5  nm 
periodicity  Au-20%Pd  films  is  surprising,  since  the  latter 
composition  was  developed  to  improve  fracture  response 
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Pure 


1.5  nm  Au-20%Pd/10  nm 


4.5  nm  Au-20%Pd/1 0  nm 


Fig.  6.  Scanning  electron  micrographs  of  the  brale  indentations  of  some  of  the  group  III  multilayer  films.  Indentations  on  the  left  were  as^received, 
while  indentations  on  the  right  were  made  after  receipt.  The  newer  indentations  show  extensive  fracture,  but  instructive  fragments  of  delaminated 
film  are  still  present.  Unimpeded  circumferential  cracking  is  evident  in  the  pure  film,  while  the  4.5  nm  Au-20%Pd/10  nm  films  show  radial  crack 
branching.  (Samples  courtesy  of  G.  Hopple,  Lockheed  Missiles  and  Space  Co.) 


in  rolling  contact.  However,  this  improved  response  was 
observed  in  0.3  pm  films  in  rolling  contact  [15].  Hopple 
[22]  has  found  that  indentation  fracture  of  the  4.5  nm 
Au-20%Pd/10  nm  composition  is  inhibited  in  films  of 
0.3  pm  thickness.  Interfacial  stresses  increase  with  film 
thickness,  and  increasing  the  multilayer  metal  thickness 
from  1,5  to  4,5  nm  at  10  nm  periodicity  appears  to  be 
insufficient  to  retard  fracture  in  films  1  pm  thick.  Again, 
these  nanostructures  are  not  well  characterized  in  terms 
of  the  continuity  of  the  metal  layers. 

Taken  together,  the  Ni  and  Au-20%Pd  data  indicate 
that  decreasing  the  multilayer  periodicity  is  more 
effective  than  increasing  the  multilayer  metal  thickness 
in  improving  fracture  toughness.  This  suggests  that 


improved  fracture  resistance  is  due  to  some  type  of 
interfacial  decohesion  between  the  M0S2  and  metal 
layers,  rather  than  to  deformation  within  the  metal 
layers.  However,  the  tribological  properties  of  the  high 
Ni  5  nm  films  are  very  poor  [13].  It  would  be  interesting 
to  obtain  indentation  and  tribological  data  on 
Au-20%Pd/MoS2  multilayer  films  having  5  nm  period¬ 
icity  at  a  film  thickness  of  1  pm. 

In  rolling  element  bearings,  the  torque  requirements 
and  torque  noise  sensitivity  of  the  application  will  deter¬ 
mine  which  microstructures  are  acceptable.  In  situations 
where  torque  noise  is  to  be  minimized,  dense  films  with 
poor  fracture  resistance,  such  as  the  9%  Ni  co-sputtered 
films,  pure  films  prepared  at  low  pressures  and  the  lower 
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Load  (kg) 


■  MoS2  (111)  1.5nmAu/10n  ^  4.5nmAu/10n  °  0.9nmAu/10n 


Fig.  7.  Plots  of  the  damage  (delamination  plus  radial  fracture)  radii  of  the  group  II  and  III  Au-20%Pd  multilayer  films  {see  Figs.  4  and  6).  Top: 
includes  indentation  radii.  Bottom:  indentation  radii  subtracted. 


metal  content  multilayer  films  would  appear  to  be 
undesirable.  Although  the  indentation  tests  provide 
insight  into  the  tribological  properties,  final  optimization 
of  film  nanostructure  needs  to  be  guided  by  rolling 
contact  tests.  In  addition  to  jitter  considerations,  the 
need  to  avoid  particle  contamination  in  some  applica¬ 
tions  (e.g.  optics,  semiconductor  manufacturing)  may 
place  additional  requirements  on  fracture  resistant  M0S2 
film  nanostructures. 


5.  Conclusions 

Indentation  testing  of  sputter-deposited  M0S2  films 
containing  additives  has  identified  different  fracture 
responses  for  specific  morphologies.  Films  showing 
porous  zone  2  columnar  plate  morphologies  generally 
exhibit  less  delamination  than  films  with  dense  mor¬ 


phologies.  Films  containing  9%  co-sputtered  Ni  with 
dense  zone  1  morphologies  exhibit  more  delamination 
than  pure  or  3%  Ni  zone  2  films.  The  presence  of  35% 
SbO;,  in  zone  1  films  inhibits  delamination,  although  a 
network  of  branched  radial  and  circumferential  cracks 
develops.  For  multilayer  films  with  a  total  thickness  of 
1  pm,  significant  fracture  is  observed  when  the  extrapo¬ 
lated  metal  thickness  is  less  than  0.5  nm,  suggesting 
that  a  critical  difference  in  nanostructure  is  present 
between  films  with  lower  amounts  of  metal  and  those 
with  0.5  nm  or  more  of  metal.  The  presence  of 
multilayers  of  sufficient  thickness  causes  radial  crack 
branching.  Decreasing  the  multilayer  periodic  spacing 
(i.e.  increasing  the  number  of  multilayers)  inhibits 
delamination  more  effectively  than  increasing  the  metal 
thickness  above  a  critical  value.  Fracture  toughening 
appears  to  stem  from  interfacial  decohesion.  Although 
more  experiments  are  needed,  Au-20%Pd  appears  to 
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be  more  effective  as  a  fracture  inhibitor  than  Ni  in 
multilayer  films. 
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